Introduction
A modifier variant can enhance or suppress the phenotype of a monogenic disorder as well as alter the onset, severity, or progression of the phenotype (1) (2) (3) (4) (5) . The site of action of modifiers can be at any point from transcription to posttranslational modification of the target genes. Genetically mapping a modifier variant in humans is challenging because of environmental factors and the usual limitations in the number of family subjects with, for example, a nonpenetrant or enhanced phenotype. To date, only 3 modifier loci/genes for human hereditary hearing loss have been reported (6) (7) (8) (9) . Homoplasmic alleles of human mitochondrial 12S rRNA are associated with nonsyndromic deafness. The hearing loss phenotype is modified by aminoglycoside exposure that reduces the age of hearing loss onset (10, 11) . Additionally, a variant of tRNA 5-methylaminomethyl-2-thiouridylate methyltransferase (TRMU) is implicated as a nuclear modifier of human 12S rRNA variant-associated deafness (Online Mendelian Inheritance in Man [OMIM] 580000) (6) . Similarly, a hypomorphic allele of the plasma membrane calcium pump PMCA2 modulates the severity of cadherin 23-linked hearing loss (9) .
In 2000, we genetically mapped the hearing loss modifier locus DFNM1 (OMIM 605429) to a 5.6 cM region on chromosome 1q24, with a logarithm of the odds (LOD) score of 4.31. DFNM1 is an unlinked dominant suppressor of DFNB26 deafness (OMIM 605428), which mapped to a 1.5 cM interval of chromosome 4q31, with a LOD score of 8.10 (7). Here, we report the identification and characterization of the variants associated with hearing loss DFNB26 and the modifier allele of METTL13 at the DFNM1 locus. Using a combination of Sanger sequencing and exome enrichment followed by massive parallel sequencing of genomic DNA and mRNA from affected and nonpenetrant individuals, we identified a DFNB26 hearing loss-linked allele in the pleckstrin homology (PH) domain of the adapter protein of the MET proto-oncogene receptor tyrosine kinase-signaling pathway (MET-signaling pathway), GRB2-associated binding protein 1 (GAB1). At the DFNM1 locus, we also identified a dominant allele of METTL13, encoding a predicted methyltransferase. Our in vitro and in vivo studies reveal that GAB1 and METTL13, which function in the MET/HGF-signaling pathway, are necessary for normal functioning of the auditory system.
Results

Identification of DFNB26 and DFNM1 genes.
Under the assumption that variants at the DFNB26 and DFNM1 loci explain the auditory phenotype and the suppressor of deafness segregating in family PK-2, respectively ( Figure 1A ), we next sought to identify A modifier variant can abrogate the risk of a monogenic disorder. DFNM1 is a locus on chromosome 1 encoding a dominant suppressor of human DFNB26 recessive, profound deafness. Here, we report that DFNB26 is associated with a substitution (p.Gly116Glu) in the pleckstrin homology domain of GRB2-associated binding protein 1 (GAB1), an essential scaffold in the MET proto-oncogene, receptor tyrosine kinase/HGF (MET/HGF) pathway. A dominant substitution (p.Arg544Gln) of METTL13, encoding a predicted methyltransferase, is the DFNM1 suppressor of GAB1-associated deafness. In zebrafish, human METTL13 mRNA harboring the modifier allele rescued the GAB1-associated morphant phenotype. In mice, GAB1 and METTL13 colocalized in auditory sensory neurons, and METTL13 coimmunoprecipitated with GAB1 and SPRY2, indicating at least a tripartite complex. Expression of MET-signaling genes in human lymphoblastoid cells of individuals homozygous for p.Gly116Glu GAB1 revealed dysregulation of HGF, MET, SHP2, and SPRY2, all of which have reported variants associated with deafness. However, SPRY2 was not dysregulated in normal-hearing humans homozygous for both the GAB1 DFNB26 deafness variant and the dominant METTL13 deafness suppressor, indicating a plausible mechanism of suppression. Identification of METTL13-based modification of MET signaling offers a potential therapeutic strategy for a wide range of associated hearing disorders. Furthermore, MET signaling is essential for diverse functions in many tissues including the inner ear. Therefore, identification of the modifier of MET signaling is likely to have broad clinical implications.
Modifier variant of METTL13 suppresses human GAB1-associated profound deafness 1 Table 1 ). Our Sanger sequencing studies of all exons and the adjacent flanking sequence of the annotated genes within the linkage interval of DFNB26 and DFNM1 loci only revealed the above-described candidate variants segregating with the phenotype in family PK-2. However, we considered an alternative hypothesis that intrafamilial genetic heterogeneity might account for the hearing loss in family PK-2 (15) . To test this hypothesis that the hearing loss segregating in different sibships of family PK-2 might be due to pathogenic variants in different genes, we performed whole-exome sequencing (WES) on 6 deaf individuals from 6 sibships of family PK-2, 1 nonpenetrant, normal-hearing individual ( Figure 1A) , and 1 unrelated normal control individual, using the NimbleGen SeqCap EZ Exome Library v2.0 (Roche). These WES libraries were sequenced using an Illumina HiSeq2000. All variants found in the WES data are summarized in Table 2 . For each sample subjected to WES, we found many genes with homozygous or compound heterozygous, nonsynonymous changes (Table 2 and  Supplemental Tables 2 and 3 ). We performed bioinformatics analyses, which identified 5 genes with potential pathogenic variants in each affected individual, including the previously discovered c.347G>A variant in GAB1 (Table 2 ). Segregation analysis of each of these variants in their respective sibships revealed that only the c.347G>A change in GAB1 cosegregated with deafness within each sibship. WES data did not reveal any potential pathogenic variants shared among affected individuals, except for the c.347G>A allele in GAB1 at the DFNB26 locus (Table 2 and Supplemental Tables 2  and 3 ). Thus, the WES results support the supposition that hearing loss in family PK-2 is due to a recessive missense pathogenic variant in GAB1 at the DFNB26 locus. For the DFNM1 linkage interval, the only coding variant that cosegregated with the DFNM1-linked haplotype in family PK-2 was c.1631G>A in METTL13 (Table 2) .
To further evaluate the biological effects of these variants at the transcriptional level, we established lymphoblastoid cell lines from 3 affected individuals, 2 nonpenetrant individuals, and 1 normalhearing individual of family PK-2. We extracted the RNA from these cell lines and generated cDNA libraries. Sanger sequencing of GAB1 and METTL13 cDNAs in these libraries confirmed the presence of c.347G>A and c.1631G>A variants.
The DFNM1 modifier allele attenuates the effect of mutant GAB1 in zebrafish. The zebrafish genome has single homolog of human GAB1 (62% amino acid sequence identity, 75% similarity) and METTL13 (54% identity, 70% similarity). In zebrafish whole embryos, we detected the expression of gab1 and mettl13 by real-time PCR throughout development ( Figure 2, A and B) , including in the developing brain and inner ear (Figure 2 , C-J). A translation-blocking morpholino (MO) targeting zebrafish gab1 was injected into 1-to 2-cell-stage embryos. Masked scoring of live embryos at the 10-to 12-somite stage revealed mild-to-severe developmental defects ( Figure 2 , K and L). To rule out MO toxicity, we used various dilutions and also blocked the p53 pathway via coinjection of a tP53-targeting MO (16) . Furthermore, a second MO directed against the intron 2/exon 3 splice junction of gab1 revealed the same developmental deficits (Supplemental Figure  2A) . Thus, morphant developmental deficits appear to be specific to the knockdown of gab1 expression. rial available online with this article; https://doi.org/10.1172/ JCI97350DS1). No carriers of the c.347G>A variant were found among 380 control chromosomes from Pakistani individuals or in 192 normal-hearing individuals from India. The c.347G>A variant of GAB1 is not listed in the 1000 Genomes database (12), nor is it identified in 6,500 individuals in the National Heart, Lung, and Blood Institute Exome Sequencing Project (NHLBI-ESP) exome variant server (13) or in 60,706 individuals in the Exome Aggregation Consortium (ExAC) data set (14) (Supplemental Table 1 ). We used 8 bioinformatics tools to evaluate functionality in silico, and all of them predicted that p.Gly116Glu is deleterious for GAB1 function ( Table 1) .
The exons and their flanking sequence of the 33 annotated genes at the DFNM1 modifier locus were Sanger sequenced, revealing a heterozygous c.1631G>A transition change in MET-TL13 (NM_015935) ( Figure 1B) . The c.1631G>A allele cosegregated with the DFNM1-linked haplotype in the PK-2 family, and all deaf individuals were homozygous for the WT allele of METTL13. The c.1631G>A variant is predicted to substitute a glutamine for a highly conserved arginine (p.Arg544Gln) in the spermine/spermidine synthase domain of METTL13 ( Figure 1 , E and F). No carriers of the c.1631G>A change were found among 384 chromosomes from Pakistani controls, 192 from Indian controls, or 172 chromosomes from the Human Diversity Panel and in the 1000 Genome database. One carrier of African American ancestry was found among 13,006 chromosomes listed in the NHLBI-ESP6500 variant database, and three carriers were Figure 3) . Since the human METTL13-mutant allele in humans is heterozygous in nature, we performed the rescue experiment with lower concentrations, down to 125 pg. We observed a significant rescue when 250 pg human METTL13 mRNA with the modifier variant mRNA was injected along with human GAB1-mutant mRNA, especially in the severe class III phenotype (P < 0.005) ( Figure 2L and Supplemental Figure 2B ). We did not detect rescue when we used WT human METTL13 mRNA (NM_015935) in combination with mutant human GAB1 mRNA ( Figure 2L ). In agreement with the genetic observations in family PK-2, these in vivo zebrafish data support a modifying role of suppressor human METTL13 mRNA to partially rescue the phenotype associated with the human GAB1-mutant allele.
DFNB26 allele effects on the lipid-binding ability of the GAB1 PH domain.
Bioinformatics tools suggested a pathogenic effect of the DFNB26 allele on the function of GAB1 (Table 1) . To experimentally evaluate this finding, we investigated the effect of the DFNB26 (p.Gly116Glu) allele on the lipid-binding function of the GAB1-PH domain. We purified the WT and mutant GST-PH domains (amino acid residues 24-120; NP_997006) of GAB1 and examined the ability to bind phosphatidylinositol lipids. We incubated equal amounts of GST-GAB1 WT protein and GST-GAB1 with the p.Gly116Glu variant harboring the PH domain ( Figure 3A ) with membranes containing serial dilution of various phosphoinositides ( Figure 3B ). Data from 3 independent experiments, each with different fresh preparations of proteins, revealed significantly lower (ANOVA, P < 0.01) amounts of GAB1 PH domain harboring the p.Gly116Glu variant bound to PtdIns(3,4,5)P3, PtdIns(4,5)P2, PtdIns(3)P, and PtdIns(4)P phoshoinositides compared with the GAB1 WT PH domain ( Figure 3C ).
GAB1 and METTL13 are colocalized in the mouse inner ear. Next, we asked whether METTL13 and GAB1 are expressed in the same
The gab1 morphant phenotypes in zebrafish were subdivided into 3 classes: mildly altered (class I), moderately altered (class II), and severely altered (class III) ( Figure 2K ). Morphants with the mild phenotype (class I) only showed a defect in eye formation, ranging from malformed to completely absent. Morphants with the moderate phenotype (class II) had delayed development, with embryos stalled at the budding stage. Severe phenotype morphants (class III) had greatly delayed development, with embryos arrested at the 50% epiboly to late epiboly stages. Importantly, we were able to rescue these morphant phenotypes with a coinjection of human WT GAB1 mRNA (1 ng; GenBank accession no. NM_207123) (Figure 2L) . A significantly (ANOVA, P < 0.005) larger number of embryos were normal after coinjection of human WT GAB1 mRNA with the gab1 MO (5-bp mismatch between the MO sequence and human GAB1 when compared with the total number of normal embryos found after injection of the gab1 MO alone ( Figure 2L ). Similarly, in the rescue experiment, significantly (P < 0.005) fewer embryos were in the class III category as compared with the gab1 MO alone ( Figure 2L ). However, rescue of the morphant phenotypes (all classes, including normal) by coinjection of the gab1 MO and human GAB1 mRNA with the c.347G>A (p.Gly116Glu) variant was not statistically significant when compared with the corresponding injection categories of the gab1 MO alone, suggesting the pathogenic nature of the p.Gly116Glu variant ( Figure 2L ). Compared with only gab1 MO-injected embryos, we observed an increase in normal-appearing embryos ( Figure 2L ), suggesting that p.Gly116Glu is a hypomorphic allele of GAB1. A complete knockout of Gab1 function in mice is embryonically lethal (17) .
Next, we investigated the modifier allele and repeated the in vivo rescue assays with human GAB1-mutant mRNA (1 ng) along with human METTL13 mRNA (1 ng) harboring the c.1634G>A modifier variant. We observed no rescue of the morphant phe- 
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Changes shown with a minimum of 10× coverage. organs (ampulla and utricle), we observed β-gal activity only in the sensory epithelium and transition cells ( Figure 4 , B and C).
To determine the expression of Mettl13 in the developing mouse inner ear (E11.5, E15.5, and P5), we performed ISH using a fluorescence-tagged, full-length cDNA probe (NM_144877.1). Mettl13 was expressed in the mouse otocyst at E11.5 (data not shown) and in the spiral ganglion region at E16 (Figure 4F ). At P5, the epithelial cells of the cochlear duct including the stria cell types in the inner ear and might interact with one another. We first examined the expression of Gab1 in the developing inner ear using normal-hearing mice heterozygous for a Gab1 +/LacZ -targeted allele. Homozygotes for this Gab1-targeted allele are embryonically lethal (17) . β-Gal staining of the cochlea from Gab1 +/LacZ mice on P0 showed labeling of spiral ganglion, stria vascularis, spiral prominence, internal and external sulcus cells, and Reissner's membrane (Figure 4, A and D) . Likewise, in the vestibular end Expression of gab1 and mettl13 mRNA was easily detectable during early development (up to 12 hours), but subsequently declined. (C-J) RNA ISH of gab1 and mettl13 in whole zebrafish embryos at 48 hours post fertilization (hpf) shows expression in many tissues, but especially in the brain region and the developing inner ear (arrowheads). (K) Lateral views of normal and gab1 morphants. MO suppression of gab1 resulted in developmental defects that were divided into 3 classes. Class I: defect in eye formation; class II: delayed development with embryos stalled at the budding stage; class III: marked developmental delay with embryos arrested at 50% epiboly to late epiboly. (L) In vivo rescue assay of gab1 MO with human mRNA. Coinjection of 1 ng WT human GAB1 mRNA with zebrafish gab1 mRNA translation-blocking MO resulted in significant rescue at the 10-to 12-somite stage, whereas mRNA encoding the hypomorphic p.Gly116Glu variant resulted in partial rescue. Coinjection of human fulllength METTL13 mRNA encoding the p.Arg544Gln-suppressor variant of DFNB26 deafness along with GAB1 mutant mRNA and gab1 MO significantly attenuated the phenotype at the 10-to 12-somite stage, while the WT human METTL13 mRNA did not. The number of embryos phenotyped for each experiment is shown. ***P < 0.005, by 1-way ANOVA for rescue versus gab1 MO normal and severe (class III) morphants. Figure 4E ), while the negative control (sense probe) showed no staining ( Figure 4G ). These data indicate that Gab1 and Mettl13 are expressed in the spiral ganglion, stria vascularis, spiral prominence, internal and external sulcus cells, and Reissner's membrane of the cochlea. Transcriptome analyses confirmed the expression of Gab1 and Mettl13 in various cell types within the mouse inner ear (Supplemental Table 4 ). To determine the cellular and subcellular distribution in the adult inner ear, we used custom antisera against mouse GAB1 (PB296) and METTL13 (PB447, PB448) (Supplemental Figure  3) and performed immunofluorescence confocal microscopy on inner ear cells from WT C57BL6/J mice. We observed that both GAB1 and METTL13 colocalized in the cochlear duct, spiral limbus region, efferent and afferent nerves (Supplemental Figure 4) , and in spiral ganglion neurons ( Figure 5 ). We observed similar expression levels in vestibular neurons as well (data not shown).
METTL13 interacts in vitro with GAB1 and SPRY2. Next, we investigated the possibility that METTL13 and GAB1 proteins interact with one another. First, we used the recently reported nanoscale pulldown assay (NanoSPD) within living cells using a MYO10 NANOTRAP construct (18) . In COS-7 cells, we used MYO10 NANOTRAP to transport GAB1-GFP to the filapodia tips ( Figure  6A and Supplemental Figure 5 ). Intriguingly, when coexpressed, both WT and mutant GAB1-GFP trafficked METTL13 proteins to the filopodia tips ( Figure 6A ), indicating their interaction. Insertion of the DFNB26 and DFNM1 variants into GAB1 and MET-TL13, respectively, did not affect their interaction ( Figure 6A) . Furthermore, GAB1, METTL13, and SPROUTY 2, also a member of the MET/HGF-signaling pathway, formed a tripartite complex within COS-7 cells ( Figure 6 , B and C). To further confirm these interactions, we performed co-IP using Flag-tagged METTL13 (METTL13-Flag), HA-tagged GAB1 (GAB1-HA), and Myc-tagged SPRY2 (SPRY2-Myc) ( Figure 7 , A and B, and Supplemental Figure  6 ). Intriguingly, WT or mutant GAB1-HA coimmunoprecipitated in the presence of either the WT or mutant METTL13 protein.
Similarly, without bias for WT or mutant protein, METTL13, but not GAB1, was able to pull down SPROUTY2 protein ( Figure 7 , A and B). These studies suggest that METTL13 interacts with both GAB1 and SPROUTY2 to form a tripartite complex.
The GAB1 variant dysregulates MET-signaling pathway genes. GAB1 is an adapter protein for MET, the receptor for HGF (19) . We reported that noncoding variants of human HGF cause nonsyndromic hearing loss DFNB39 in many human families (20) , and a likely pathogenic variant in MET is associated with DFNB97-linked hearing loss (21) . Moreover, deficits of SHP2 and SPRY2 result in hearing loss in humans and mice, respectively (22) (23) (24) . Therefore, using real-time PCR and lymphoblastoid cell lines generated from the affected and nonpenetrant individuals of family PK-2, we studied the expression of 37 genes related to HGF signaling ( Figure 8 ) (25, 26) . Among these genes, MET, AKT3, hRAS, STAT1, FAS-R, RAC1, C3G, RAP-1a, GRB2, SHC, EGR1, JAK1, and ELK1 were downregulated by more than 2-fold (P < 0.05) in both DFNB26 deaf and nonpenetrant individuals (Figure 8) , whereas PI3K, encoding phospohoinositide 3-kinase, was upregulated (>2-fold; P < 0.05) in both affected and nonpenetrant individuals (Figure 8 ). Intriguingly, SPRY2 was significantly (P < 0.001) upregulated only in the lymphoblastoid cell lines from the 3 deaf individuals of family PK-2. Taken together, these results indicate a dysregulation of the HGF-signaling pathway among the deaf individuals of family PK-2 who are homozygous for the GAB1 DFNB26 (61) . No difference was observed in the binding pattern of GAB1-PH domain harboring the p.Gly116Glu allele with PtdIns. However, p.Gly116Glu substitution reduced the binding of the PH domain to PtdIns(3,4,5)P3. Overlay assays with WT and mutant proteins were performed at least 3 times with 3 fresh protein preparations. (C) Graphical representation of the normalized overlay assay results after densitometric quantification of the 100 pmol spots only. The data are shown as a decrease in the relative percentage difference of binding affinity of the mutant PH domain protein when compared with the GAB1 WT PH domain. The signal intensity of each spot was first normalized against the blot background, and then all the results were further normalized against the PI(5)P signal intensity for the WT GAB1-PH domain. On average, a 42% (**P < 0.01) decrease in the binding of the mutant PH domain protein to PtdIns(3,4,5)P3 was observed, as well as reductions of 44%, 40%, and 30% (*P < 0.05) in binding to PtdIns(4,5)P2, PtdIns(3)P, and PtdIns(4)P, respectively. P values were determined by 2-tailed Student's t test. Data represent the mean ± SEM. jci.org Volume 128 Number 4 April 2018 variant. Among the genes examined, only SPRY2 was regulated differently when affected and nonpenetrant individuals homozygous for the GAB1 variant were compared, which points to the mechanism by which the METTL13 variant functions as a modifier to prevent GAB1-associated deafness.
Discussion
GAB1 is a member of the insulin receptor substrate 1-like (IRS1-like) multisubstrate docking adapter protein family. Like other IRS1 adapter proteins, GAB1 has a PH domain that facilitates interaction with phosphatidylinositols within cell membranes and is involved in assembling complexes that function downstream of cell-surface RTKs (27, 28) . Activated RTK signaling controls a variety of critical cellular processes including cell-cycle progression, differentiation, metabolism, survival, adhesion, motility, and migration. GAB1 is ubiquitously expressed, and in mice, a homozygous deletion of the sequence encoding the PH domain of GAB1 results in embryonic lethality between E12.5 and E18.5 (17, 29, 30) . Likewise, we found that knockdown of gab1 in zebrafish embryos also resulted in severe developmental abnormalities and lethality in zebrafish embryos ( Figure 2K ). In contrast, in the PK-2 family, all of the deaf individuals who are homozygous for the p.(Gly116Glu) variant and do not carry the METTL13-dominant modifier variant have prelingual, nonsyndromic severe-to-profound hearing loss (7, 31) . Medical and developmental histories, physical examination, and routine blood and urine chemistry tests did not reveal any extra-auditory features in these affected individuals (31) . The results of our biochemical lipidbinding assay as well as the zebrafish rescue studies support the assumption that the p.(Gly116Glu) substitution of GAB1 retains a reduced level of function (hypomorphic variant) compared with WT GAB1, which may explain the restricted deafness phenotype segregating in family PK-2. GAB1 also has a MET receptor-binding site, a central prolinerich domain, and several tyrosyl and seryl/threonyl phosphorylation sites. The PH domain of GAB1 has a role in the recruitment of B cell antigen receptors and can act as a signal amplifier (32) . Pathogenic variants in PH domains of various other proteins cause the human disorders X-linked agammaglobulinemia (OMIM 300755) (33, 34) and X-linked immunodeficiency in mice (35, 36) . Likewise, variants in the PH domain of dynamin 2 are associated with Charcot-Marie-Tooth disease (OMIM 606482) (37) . In our study of hereditary deafness, we provide evidence that a missense variant (c.347G>A (p.Gly116Glu)) in the PH domain of human GAB1 causes nonsyndromic, profound, prelingual, sensorineural deafness DFNB26. ing toward possible therapies for human disorders. We discovered that a variant of METTL13 (DFNM1) completely suppressed DFNB26 hearing loss associated with a GAB1 missense variant. In zebrafish, human METTL13 harboring the c.1634G>A modifier variant was able to significantly suppress the morphant phenotype. NanoSPD and co-IP studies revealed that there is either an indirect interaction through an adaptor or a direct interaction between METTL13, GAB1, and SPRY2 proteins. The protein expression and distribution of GAB1 and METTL13 share similarities with other proteins, including IGF-1, ErbB2, proteolipid protein 1 (PLP), and nerve growth factor (NGF) (40, 41, (51) (52) (53) . It is possible, therefore, that GAB1 and METTL13 proteins are components of an inner ear signaling pathway that involves 1 or more of these proteins. METTL13 is located within the meiotic boundaries of the dominantly inherited hearing loss locus DFNA7 (OMIM 601412), for which a pathogenic variant has not been reported (54) . Given the SPRY2 expression rescue and interaction with SPROUTY2, we also speculate that the modifier allele of METTL13 may reduce the severity of sensorineural hearing loss caused by pathogenic variants of SPRY2, MET, or HGF. METTL13 is a functionally uncharacterized protein that is overexpressed in some human cancers. However, it has low expression in normal tissues including the testis, brain, and liver (55) . In transgenic mice, Mettl13 ectopic overexpression can drive tumorigenesis in vivo (55) . Moreover, gene expression profiling of NIH3T3 cells overexpressing METTL13 dysregulated the RTK and hedgehogsignaling pathways (55) . Intriguingly, METTL13 is predicted to have methyltransferase activity, spermidine/spermine synthase activity, or ubiquinone synthase activity, but these functions of METLL13 have not been experimentally demonstrated (55) .
In summary, through genetic linkage analyses, positional cloning, and massively parallel sequencing, we have identified In addition to GAB1 functions downstream of HGF via the MET receptor (30) , GAB1 interacts with other proteins that are essential for inner ear development and function. GAB1 transmits signals from IGF-1 receptors to ERK via SH2-containing protein tyrosine phosphatase (SHP2) (38) . In humans, a homozygous deletion of the IGF1 gene causes severe sensorineural hearing loss, growth failure, and mental retardation (OMIM 608747) (39) . Igf1 -/-mutant mice have altered innervation of the organ of Corti and have defects in the postnatal survival, differentiation, and maturation of cochlear ganglion cells (40, 41) . GAB1 also functions downstream of erythroblastic leukemia viral oncogene homolog 2 (ErbB2), a member of the EGF family of receptors that is activated upon stimulation by neuregulins (NRGs) (42) (43) (44) . Transgenic mice with dominant-negative ErbB receptors have degeneration of cochlear neurons and severe hearing loss (45) . SHP2 and PI3K (30) are also prominent effectors of GAB1. Pathogenic variants in SHP2 result in Noonan (OMIM 163950) and LEOPARD syndromes (OMIM 151100) with multiple overlapping features including hearing loss (46) . SPROUTY2, encoded by Spry2, interacts directly with GRB2 (47), and loss of its function also causes hearing loss in mice (23) . Interestingly, many of these genes, including SPRY2, are dysregulated in the lymphoblastoid cell lines derived from the individuals homozygous for the DFNB26 GAB1 missense variant, which we hypothesize affects 1 or more of the downstream signaling pathways leading to altered cell survival, apoptosis, cell migration, and cell adhesion (Supplemental Figure 7) . Additional model systems will be required to understand in greater detail the role of the GAB1-mediated signaling pathway that is essential for normal hearing.
Modifiers in the genetic background that enhance or suppress a Mendelian disorder provide insight into the mechanisms by which organisms can buffer biological processes to accommodate the adverse effects of pathogenic genetic variants (48-50), point- which the METTL13-dominant variant functions as a modifier to prevent GAB1-associated deafness. MET/HGF signaling is essential for diverse functions in many tissues besides inner ear, therefore, an understanding of the mechanism of METTL13-based modification will likely have broader clinical implications.
Methods
Subject and clinical evaluations. Family ascertainment, clinical evaluations including hearing and vestibular function testing, and genomic DNA extraction were previously described (7).
a missense variant in human GAB1 cosegregating with DFNB26 hearing loss. A dominant allele in a predicted methyltransferase gene, METTL13, entirely suppresses human deafness associated with a GAB1 variant. Our zebrafish in vivo data support a modifying role of suppressor human METTL13 mRNA to partially rescue the phenotype associated with the human GAB1-mutant allele. Pulldown studies revealed a tripartite complex between MET-TL13, GAB1, and SPROUTY2. Among the HGF-signaling pathway genes tested, only SPRY2 was differentially regulated between affected and nonpenetrants, which could be the mechanism by vector with the T7 mMESSAGE mMACHINE Kit (Ambion, Thermo Fisher Scientific). A total of 1,000 pg and 250 pg GAB1 and METTL13 mRNA, respectively, were coinjected along with the Gab1 MO into WT zebrafish embryos. For zebrafish gab1 and mettl13 expression profiling at various developmental stages, total RNA was extracted using a RiboPure Kit (Ambion, Thermo Fisher Scientific) from 18 to 20 zebrafish embryos for each time point (0 hour to 5 days). RNA was reverse transcribed using SuperScript RT (Clontech). Real-time quantitative RT-PCR analyses were performed using the StepOne Plus Real-Time System (Applied Biosystems) with RT² SYBR Green qPCR Mastermix (QIA-GEN). The relative expression values were normalized to an endogenous gapdh control (Supplemental Table 5 ).
For temporal expression of gab1 and mettl13 in zebrafish, RNA ISH at different developmental stages from 1 day post fertilization (dpf) to 5 dpf was performed as previously described using a standard procedure (59) . A partial sequence of approximately 600 bp of C-terminal cDNA of gab1 and mettl13 was used to generate digoxigenin-labeled sense and antisense RNA probes. A sense probe was used in each experiment as a control and gave no hybridization signal.
PH domain phospholipid-binding assay. GST fusion proteins were generated by subcloning into a pGEX-5.1 vector (Amersham Pharmacia Biotech). GAB1 cDNA fragments encoding the PH domain (amino acid residues 24-120; NP_997006) with and without the p.Gly116Glu missense variant were cloned and expressed in E. coli BL21 (Stratagene). GST fusion proteins were purified on glutathione-sepharose using a GST Bulk Kit according to the manufacturer's instructions (Amersham Pharmacia Biotech). Equal amounts of soluble WT and mutant GST-PH domain fusion proteins (0.5 μg/ml) were incubated with PIP Array Membranes (P-23748; Invitrogen, Thermo Fisher Scientific) for 4 hours, followed by washing, and then probed with anti-GST antibody. The experiment was replicated 3 times using fresh preparations of WT and mutant proteins and new PIP arrays. Signal intensities at the lipid spots were normalized against the blot background intensity and then against PI(5)P lipid-binding signals from the WT GAB1-PH domain protein before plotting.
β-Gal staining. A Gab1-knockout mouse has exon 2 encoding part of the PH domain (amino acids 25-123; AAH94659) replaced with a promoter-less neomycin resistance gene, an internal ribosome entry Candidate gene screening. Genes within the DFNB26 and DFNM1 chromosomal intervals and the exomes in the 2 linkage intervals were screened for rare variants. Sanger sequencing was performed on PCR amplimers of genomic DNA obtained from 2 deaf individuals, 1 normalhearing nonpenetrant individual, and 1 normal-hearing individual WT at the DFNB26 and DFNM1 loci, all of whom are members of the PK-2 family. Primers were designed with Primer3 software (http:// frodo.wi.mit.edu/primer3) for amplification of all exons of each candidate gene, including the intron-exon boundaries. Methods for direct sequencing and mutational analyses were described previously (56) . BigDye terminator reaction products were resolved on Applied Biosystems 377 or 3730 instruments. Sequencing traces were analyzed with SeqMan software (DNASTAR, Lasergene).
Segregation of GAB1 and METTL13 alleles in the PK-2 family was confirmed by direct sequencing of PCR products amplified from genomic DNA from all participating family members. Genomic DNA samples from control, presumably normal-hearing individuals from Pakistan and India and from a human diversity panel (cell repositories, Coriell Institute for Medical Research) were also analyzed for variants.
Exome sequencing. Genomic DNA samples from an affected individual, a nonpenetrant individual, and a normal-hearing individual were sheared to fragments of approximately 200 bp and used to make libraries for paired-end sequencing (Illumina). The libraries were hybridized to biotinylated cRNA oligonucleotide probes from the SeqCap EZ Exome Library v2.0 (NimbleGen), purified by streptavidinbound magnetic beads, amplified, and sequenced using an Illumina HiSeq 2000 Analyzer. We generated a total of 37 Gb of sequence as paired-end, 100-bp reads from 1 lane of an Illumina HiSeq 2000 Analyzer. For sequence alignment, analysis, and variant identification, we used the Broad Institute's Genome Analysis Toolkit (GATK) (57, 58) .
Zebrafish embryo manipulation, MO injection, and expression profiling. Anti-gab1 translation-blocking (5′-AGTAAACCACATCTCCTC-CGCTCAT-3′), splice-site (5′-TCCATGCCTGAAAACAGAAACAA-CA-3′), and control MO (5′-GGAAAAGACCGCTTTAAACTTTCGT-3′) oligonucleotides (Gene Tools) were diluted to 2.5 ng, 5.0 ng, and 7.5 ng in deionized, sterile water for dose-response experiments and 2.5 ng for rescue experiments, and then injected into WT zebrafish embryos at the 1-or 2-cell stage. To rescue morphant phenotypes, we transcribed human GAB1 and METTL13 mRNA from a linearized pT7TS and antisense RNA probes. A sense probe was used in each experiment as a control and gave no hybridization signal. Antibodies and immunofluorescence staining. GAB1 (PB296) and METTL13 (PB477, PB448) antisera were raised in rabbits against protein-specific peptides (SLEGFHSQYKIKSVL, corresponding to residues 420-434 of the mouse GAB1 sequence [NP_067331.2], and KDT-SHRAQKKRKKDRK, corresponding to residues 431-446 of the mouse METTL13 sequence [NP_659126.1], respectively). Antisera were affinity purified using a Pierce Protein A IgG Purification Kit (Thermo Fisher Scientific), and the synthetic peptide that was used as the immunogen.
For immunofluorescence staining, cochleae were isolated from WT C57BL/6 mice and fixed in 4% paraformaldehyde overnight, washed with PBS for a few minutes, and then dissected to extract the organ of Corti and vestibular epithelia, which were washed 3 times with 1× PBS for 10 minutes each and permeabilized with 0.2% Triton X-100 diluted in 1× PBS for 30 minutes at room temperature. Tissues were incubated in blocking solution (5% BSA and 2% goat serum) at room temperature for 1 hour and then incubated for 2 hours with prisite (IRES), and the LacZ reporter gene (17) . To determine expression, we used an important feature of the targeting cassette. Expression of the LacZ reporter gene is under the control of the endogenous Gab1 promoter (17) . Whole cochleae were isolated from P5 Gab1 +/--knockout mice (17) and fixed for 20 minutes in 1% formaldehyde, 0.2% gluteraldehyde, and 0.02% NP-40 in 1× PBS, washed twice with solution containing 2 mM MgCl 2 and 0.02% NP-40 in 1× PBS, and then incubated overnight in the dark at 37°C in X-Gal staining solution (1 mg/ml X-Gal, 5 mM potassium ferrocyanide, 5 mM potassium ferricyanide, and 0.1 M MgCl2, in 1× PBS). Cochleae were dissected, and the organ of Corti, ampules, utricle, and saccule were isolated, mounted onto a slide, and observed using a Zeiss LSM700 equipped with DIC optics.
ISH studies. Frozen sections of mouse hemidissected heads (E11.5, E15.5, and P5) were processed for ISH essentially as described previously (60) . All samples were permeabilized with proteinase K, dehydrated in 30% sucrose, embedded in gelatin, and sectioned. A fulllength mouse Mettl13 cDNA (NM_144877), including approximately 1 kb of the 3′-UTR, was used to generate digoxigenin-labeled sense Real-time PCR was performed on cDNA generated from lymphoblastoid cell lines from 3 affected individuals and 2 nonpenetrant individuals of family PK-2 and from a normal-hearing control sample. Shown are data for the genes dysregulated in individuals homozygous for the c.347G>A (p.Gly116Glu) DFNB26 variant of GAB1. *P < 0.05, **P < 0.01, and ***P < 0.001, by 1-way ANOVA. Data represent the mean ± SEM. In contrast to deaf individuals, SPRY2 expression is normal in nonpenetrant individuals. Table 5 ). TaqMan probes were designed to span exon-to-exon splice junctions. Semiquantitative real-time PCR was performed in triplicate on a StepOnePlus PCR System (Applied Biosystems). Probes targeting human GAPDH, EUK 18S rRNA, β-actin, and/or β2 microglobin (Applied Biosystems) were used as endogenous controls.
Statistics. In vitro binding assays, co-IP studies, zebrafish rescue assays, and real-time PCR experiments were repeated at least 3 times. All data represent the mean ± SEM. One-way ANOVA with Dunnett's test was used to compare the different groups of independent samples. Statistical significance in lipid binding ability was determined using 2-tailed Student's t test. The level of significance was set at 0.05 for all statistical tests.
Study approval. This study was approved by the IRBs of the National Centre of Excellence in Molecular Biology (NCEMB) in Lahore, Pakistan (FWA00001758), the NIH (Combined Neuroscience Blue Panel IRB; OH-93-N-016), and the University of Maryland School of Medicine (HP-00061036). Written informed consent was obtained from adult subjects and parents of minor subjects.
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RY and ZMA designed and performed research, analyzed data, and wrote the manuscript. APJG, AL, and AD designed and conducted research. RJM and ERW analyzed data. Sheikh Riazuddin, TBF, and Saima Riazuddin designed the research project, acquired and analyzed data, provided reagents, and wrote the manuscript. mary antibody diluted at 1:200 in blocking solution. The tissues were then washed with PBS and stained with an anti-rabbit Alexa Fluor 488 IgG (Invitrogen, Thermo Fisher Scientific) for 20 minutes at room temperature. Samples were mounted with ProLong Gold Reagent and imaged using an LSM710 confocal microscope equipped with a ×63 1.4 numerical aperture (NA) objective (Zeiss Microimaging).
Antibody specificity was validated by transfections (Lipofectamine 2000; Life Technologies, Thermo Fisher Scientific) of GFP-tagged GAB1 or METTL13 into COS-7 cells, followed by immunostaining with PB296 and PB447 antisera, respectively. Full-length human GAB1 (NM_207123) and METTL13 (NM_015935) cDNAs were subcloned into a pEGFP-N2 vector (Clontech). COS-7 cells were cultured in 10% FBS-supplemented DMEM. Fluorescence immunocytochemistry was performed on fixed cells (4% paraformaldehyde, for 30 min).
Nanoscale pulldown assay. Nanoscale pulldown (NanoSPD) assays were performed using the MYO10 NANOTRAP construct as described previously (18) . Briefly, COS-7 cells were cultured in DMEM medium supplemented with 10% FBS and incubated at 37°C in 5% CO 2 . Cell transfections were performed using the Lipofectamine 2000 protocol (Thermo Fisher Scientific). A NanoSPD assay was performed using COS-7 cells cotransfected with 1 μg MYO10 NANOTRAP -, GAB1-GFP-, METTL5-Myc-, METTL13-Flag-, or SPRY2-Myc-tagged constructs. Twenty-four hours after transfection, cells were trypsinized and transferred onto 3.5-mm collagen-coated, glass-bottomed culture dishes (MatTek Corporation). Cells were incubated for another 24 hours and then fixed with 4% paraformaldehyde for 20 minutes. Finally, transfected cells were processed for the immunostaining protocol and imaged using a confocal microscope. Quantification of fluorescence intensities at the tips of the filopodia was performed using ImageJ software (NIH). Each value is an average over a square area of 1 μm 2 ,
with a center at the tip of each individual filopodium (n ≥15). Data are expressed as a ratio of Alexa Fluor 546 fluorescence/GFP intensities. Each value was then normalized against the values measured in the cells transfected with the bait constructs only. Co-IP assay. Flag-tagged normal METTL13 and mutant METTL13 under the control of CMV promotor stable cell line were generated in HEK293 cells and maintained using DMEM supplemented with 10% FBS, glutamine, and penicillin-streptomycin (Invitrogen, Thermo Fisher Scientific). Cells were plated at 80% confluency for 24 hours at 37°C in 5% CO 2 . On the day of transfection, 10 μg of each DNA was transfected into cells using 1 mg/ml Poly(ethyleneimine) (PEI) (MilliporeSigma). After 48 hours, cells were harvested and disrupted with a sonicator (Thermo Fisher Scientific) at intensity setting 2, for three 10-second pulses in buffer A (50 mM Tris-HCl, pH 7.5, 100 mM NaCl, and 1% NP-40) containing a protease inhibitor cocktail (MilliporeSigma). Anti-Flag M2 Affinity Agarose Gel (MilliporeSigma) was incubated with lysates for 16 hours and then centrifuged at 10,000 g for 3 minutes. Beads were washed with buffer A 3 times and boiled in 2× SDS sample buffer (Invitrogen, Thermo Fisher Scientific). The samples were run on 4% to 20% SDS PAGE Gels (Invitrogen, Thermo Fisher Scientific) and probed with anti-Flag, anti-HA, anti-Myc, or anti-ELMOD3 antibodies to detect Myctagged METTL13, GAB1, SPRY2, and ELMOD3, respectively.
Gene expression profiling using semiquantitative real-time PCR. Total RNA was isolated from 6 different lymphoblastoid cell lines that were derived from EBV-transformed lymphocytes. Lymphocytes were isolated from blood samples from 3 affected individuals, 2 nonpenetrant individuals, and 1 normal-hearing individual of family PK-2. TRIzol
